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Secondary aerosol formation from gas-phase precursors is a frequent phenomenon 
occurring in a boreal environment. Traditionally, this process is identified visually from 
observational data on total and ion number size distributions. Here, we introduce a new, 
objective classification method for the new particle formation events based on measured 
intermediate-ion concentrations. The intermediate-ion concentration is a suitable indicator 
of new particle formation, because it is linked to the atmospheric new particle formation. 
The concentration of intermediate ions is typically very low (below 5 cm–3) when there is 
no new particle formation or precipitation events occurring. In this study, we analysed con-
centrations of negative intermediate ions at the Station for Measuring Ecosystem Atmos-
phere Relations (SMEAR II) in Hyytiälä, Finland, during the years 2003–2013. We found 
that the half-hour median concentration of negative intermediate ions in sizes 2–4 nm was 
> 20 cm–3 during 77.5% of event days classified by traditional method. The corresponding 
value was 92.3% in the case of 2–7 nm negative ions. In addition, the intermediate-ion 
concentration varied seasonally in a similar manner as the number of event days, peaking 
in the spring. A typical diurnal variation of the intermediate-ion concentration resembled 
that of the particle concentration during the event days. We developed here a new method 
for classifying new particle formation events based on intermediate-ion concentrations. 
The new method is complementary to the traditional event analysis and it can also be used 
as an automatic way of determining new particle formation events from large data sets.
Introduction
Atmospheric aerosol particles affect the Earth’s 
climate by scattering and absorbing solar radi-
ation and by affecting cloud properties (e.g. 
Myhre 2009, IPCC 2013). A major source of aer-
osol particles in terms of their number concen-
trations is atmospheric new particle formation 
(NPF), which can be divided into neutral and 
ion-induced or ion-mediated pathways (Curtius 
et al. 2006, Kulmala et al. 2007, Hirsikko et al. 
2011, Iida et al. 2006, Yu and Turco 2008). Our 
understanding of atmospheric NPF is far from 
perfect, and analysing long-term observational 
data sets is one very important way to improve 
it (Kulmala et al. 2004, 2013, Nieminen et al. 
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2014). In this respect, it is essential to identify 
reliably, yet relatively easily, when NPF is taking 
place in the atmosphere.
Several studies on small aerosol particles and 
ions down to sizes of about 1 nm in diameter 
were carried out (e.g. Jiang et al. 2011, Kuang 
et al. 2012, Kulmala et al. 2013). Kulmala et 
al. (2013) suggested 2 nm as a critical size for 
detecting atmospheric NPF events because of 
the following reasons: (1) the growth < 1.3 nm 
diameter (Millikan) clusters is usually very slow, 
so this size range has probably no direct connec-
tion to atmospheric NPF; (2) while 1.3–1.5 nm 
clusters start to be stabilized by amines, ammo-
nia and organic vapours, their formation may 
not lead to a NPF event; and (3) activation of 
growing clusters seems to begin between 1.5 and 
2 nm after which the clusters grow relatively 
fast, especially during active formation events 
(Kulmala et al. 2013).
In addition to the neutral aerosol particles, 
small ions defined as charged particles < 1.6 nm 
in diameter exist almost all the time in the atmos-
phere (Hirsikko et al. 2011). The small ions are 
formed mainly via the ionisation of air molecules 
by radon decay, gamma radiation and cosmic 
radiation (Israël 1970, Flagan 1998, Laakso et al. 
2004). The number concentration of the small ions 
varies. Typical concentrations of positive and neg-
ative small ions are in the range of 200–2500 cm–3 
and their atmospheric lifetimes are very short 
(Vana et al. 2007, Komppula et al. 2007, Hirsikko 
et al. 2005). The electrode effect may lead to 
observing slightly more positive small ions when 
sampled close to the ground level (Hoppel, 1967). 
This explains why the concentration of posi-
tive small ions is normally higher than negative 
cluster ions at Hyytiälä. Above the small-/cluster-
ion mode, the number concentration of positive 
and negative ions should show similar concentra-
tions, since atmospheric ions are expected to be 
in a charge equilibrium in most environments. 
Intermediate ions are somewhat larger than small 
ions, having diameters (Millikan) in the range of 
2.0−7.8 nm (0.034–0.5 cm2 V–1 s–1 in ion mobil-
ity; Hõrrak et al. 2000). Intermediate ions are 
formed by the growth of small ions, originating 
possibly from an ion-induced formation pathway, 
or by small ions attaching on particles formed 
via neutral particle formation mechanisms. In 
addition to NPF, other possible sources for small 
and intermediate ions are rainfall (Tammet et al. 
2009, Kolarž et al. 2012), heavy snowfall (Virk-
kula et al. 2007), thunderstorms (D’Alessandro et 
al. 2009), powerlines (Jayaratne et al. 2008) and 
vehicle emissions (Gopalakrishnan et al. 2005, 
Jayaratne et al. 2010).
Atmospheric NPF and intermediate-ion 
number concentration are expected to be linked 
to each other, since a fraction of newly-formed 
particles will acquire an electric charge during a 
NPF event (e.g. Gagné et al. 2010). This, together 
with the high sensitivity of ion spectrometers in 
detecting small increases in intermediate-ion con-
centrations during the very first steps of NPF (Hir-
sikko et al. 2007, Asmi et al. 2009) indicates that 
NPF could be identified based on an enhanced 
intermediate-ion concentration.
The occurrence of NPF has usually been esti-
mated visually from measured particle number 
size distribution plots following the methods 
introduced by Dal Maso et al. (2005). In those 
methods, each day of the measurement data 
set is classified as event, non-event or unde-
fined according to the criteria explained in more 
detail by Dal Maso et al. (2005) and Hirsikko et 
al. (2007). This visual classification method is 
slow and subjective. Therefore, in this work we 
introduce the use of intermediate-ion concentra-
tions as a method for identifying NPF events in 
a boreal forest environment. We used the ion 
number size distribution and total particle con-
centration measurements from Hyytiälä, Finland, 
collected during 2003–2013, to study the validity 
of this method. Data for periods with precipita-
tion were ignored and the rain-induced interme-
diate-ion formation and snowfall-related inter-
mediate ions were not considered. The specific 
aim of this work was to find out how well the 
occurrence of NPF events can be defined using 
intermediate-ion number concentrations, particu-
larly in size ranges of 2–4 nm and 2–7 nm.
Material and methods
We utilized long-term observational data from 
the Station for Measuring Forest Ecosystem–
Atmosphere Relations (SMEAR II) located in 
a boreal forest in Hyytiälä (southern Finland 
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61°51´N, 24°17´E, 181 a.s.l.; see Hari and Kul-
mala 2005). The station is equipped with several 
instruments performing aerosol and gas meas-
urements, and comprehensive data sets have 
been collected continuously since 1996 (Kul-
mala et al. 2001). Measurements of the mobility 
distributions of charged aerosol particles and 
clusters in the size range of 0.8–47 nm with an 
Air Ion Spectrometer (AIS, Airel Ltd., Estonia) 
commenced in August 2003, and since 2006 they 
have been carried out with its modified version: 
Neutral cluster and Air Ion Spectrometer (NAIS, 
Airel Ltd., Estonia). The operation principles of 
the AIS and NAIS are presented in Mirme et al. 
(2007 and 2013, respectively), and Hirsikko et 
al. (2005) reports the first AIS results from the 
SMEAR II station. Kulmala et al. (2007) and 
Manninen et al. (2009) report the first long-
term measurements using NAIS at Hyytiälä. The 
number size distributions of aerosol particles 
have been measured with a Differential Mobility 
Particle Sizer (DMPS) since 1996; the instru-
ment is described in detail by Aalto et al. (2001). 
The locations of all instruments have been the 
same since 2004.
To identify rain episodes, we used the pre-
cipitation intensity data measured with a FD12P 
weather sensor (Vaisala Oyj, Helsinki, Finland) 
above the forest at the 18-m height. FD12P 
measures all precipitation as liquid water, and 
converts the portion of snow to snowfall. The 
precipitation measurements are made at the 
1-min intervals. The precipitation intensity data 
are given as medians over a 30-min averaging 
period, while the precipitation and snowfall data 
are given as accumulated values for a 30-min 
averaging period.
Ion and particle number size distribution 
measurements
AIS (Mirme et al. 2007) is a multichannel, and 
BSMA (Tammet 2006) is a single-channel spec-
trometer which measure naturally-charged air 
ions. NAIS (Mirme and Mirme 2013) is a modi-
fied version of AIS, and in addition to naturally 
charged ions, it also measures neutral aerosol 
particles and clusters with a controlled charg-
ing of an aerosol sample. (N)AIS classifies ions 
according to their electrical mobility (Manninen 
et al. 2009). The instrument consists of two 
parallel differential mobility analysers (DMA), 
one for positive ions and the other for negative 
ions. Both DMAs are divided into 21 insulated 
collector electrodes and the collected ions are 
measured simultaneously. AIS and NAIS oper-
ate at a 30-liter per minute (LPM) sample flow 
and 60 LPM sheath air flow per analyser. The 
mobility range of AIS is 3.16–0.001 cm2 V–1 s–1, 
which corresponds to a mobility diameter range 
of 0.8–47 nm (Millikan-Fuchs equivalent diam-
eter; Mäkelä et al. 1996). The ion mobility dis-
tributions were measured in 5-min cycles with 
NAIS and in 10-min cycles with BSMA. For the 
same instrument type, the measured concentra-
tion can differ among the instruments by up to 
10% (Gagné et al. 2011). Both, AIS and NAIS 
were used in several inter-comparison experi-
ments in laboratory conditions (Asmi et al. 2009, 
Gagné et al. 2011, Wagner et al. 2016). Accord-
ing to Wagner et al. (2016), the number con-
centrations measured by NAIS are underesti-
mated by 15%–30%, especially at the lower end 
of the measurement size range (below 10 nm). 
However, the sizing information (mode diameter 
determined from number size distributions meas-
ured by the NAIS) is very accurate. Especially 
in the size range 2–4 nm, the particle diameter 
measured by NAIS matches the diameter selected 
by the reference DMA within 1%. The size and 
concentration resolutions of NAIS depend on the 
signal to noise ratio (Mirme and Mirme 2013). 
DMPS determined the aerosol number size distri-
bution in the diameter size ranges of 3–1000 nm 
with 10-min resolution. Before the classification 
of an aerosol population, the particles are trans-
ported to a radioactive source where they reach a 
constant bipolar charge equilibrium. DMPS con-
tains two parallel DMAs and the particle number 
concentrations are determined with two Conden-
sation Particle Counters (CPC) with different 
cut-offs. A detailed description of the instrument 
is presented in Aalto et al. (2001). DMPS has a 
resolution of
 , (1)
which is the ratio of the mobility corresponding 
to the peak in the transfer function, Z*, to the full 
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width of the transfer function at one-half of the 
maximum value, ΔZ1/2 (Flagan 1998). Using an 
electrometer as a detector in DMPS, the accu-
racy of the concentration measurement is ±10%.
Identifying NPF events from measured 
ion number size distributions
The analysis was performed by classifying each 
day of the period 2003–2013 either as an event 
or non-event day based on the maximum ion 
concentration during that day. In the first step, 
we calculated the half-hour median concentration 
of naturally-charged intermediate air ions (nega-
tive and positive ions, separately) in different 
size ranges (2–3 nm, 2–4 nm, 2–5 nm, 2–6 nm, 
2–7 nm and 3–7 nm). In the next step, two size 
ranges (2–4 nm and 2–7 nm) and negative polar-
ity were selected for a closer investigation. It is 
certain that the size range of 2–4 nm includes 
newly-formed intermediate ions. We classified the 
days according to whether the maximum 2–4 nm 
ion concentration reached > 100 cm–3, > 50 cm–3, 
> 40 cm–3, > 30 cm–3 or > 20 cm–3 during the day, 
and whether the maximum of 2–7 nm ion concen-
tration reached > 100 cm–3, > 80 cm–3, > 70 cm–3, 
> 60 cm–3, > 50 cm–3, > 30 cm–3 or > 20 cm–3 
during the same day. In the third step, we further 
classified the days according to whether the ion 
concentration persisted above the concentration 
limits given above for at least 1 hour or 2 hours. 
All these criteria were tested to find out how well 
they perform in differentiating between the NPF 
event and non-event days. The data from periods 
with precipitation were not included in the analy-
sis.
We compared our event-day classification 
with the traditional visual event classification 
based on the Differential Mobility Particle Sizer 
(DMPS) measurements carried out at the same 
location, according to which each day was clas-
sified either as a particle formation event, unde-
fined or non-event day based on size range 
concentrations (Dal Maso et al. 2005, Hirsikko 
et al. 2007).
In addition to finding out whether our classi-
fication method is capable of separating between 
NPF event and non-event, we were interested in 
two types of borderline cases: (1) the days when 
the intermediate-ion concentration was elevated, 
but the growth of newly formed particles had 
been stalled before the lower size limit of DMPS 
measurements (Hirsikko et al. 2007); and (2) 
the DMPS-based NPF event days, during which 
the intermediate-ion concentration was below the 
typical values (< 20 cm–3) associated with NPF 
events. The latter could be due to the onset of NPF 
taking place in some other part of the atmosphere 
than the surface layer where the aerosol measure-
ments for this study were made.
Results and discussion
General characteristics of NPF and 
intermediate-ion concentrations
A typical NPF event in Hyytiälä starts before 
noon and growth of the particles continues for 
several hours (Mäkelä et al. 1997, Mäkelä et 
al. 2000, Aalto et al. 2001). We selected one 
day as an example to illustrate how NPF is 
seen in particle number size distribution measure-
ments (Fig. 1). On this day, a homogeneously 
continuing and distinct particle formation and 
growth that started at about 09:00 local time was 
observed. The particle formation began at the 
sub-3 nm range, in other words, small ions and 
molecular clusters were activated in the morning 
and started to grow in sizes. After about 18:00, a 
second increase in the concentrations of ions up 
to 3 nm in diameter was observed (Figs. 1 and 2). 
This type of a cluster ion event occurs frequently 
in Hyytiälä during the nights preceding or follow-
ing a NPF event (Junninen et al. 2008, Buenros-
tro Mazon et al. 2016). Such events do not lead 
to the formation and growth of ions larger than 
approx. 3 nm in diameter. In order to exclude 
such cases from our study, we considered only 
the data measured between 06:00 and 18:00.
When plotting the time series of the interme-
diate ions, the NPF burst was clearly visible as a 
sudden increase in the 2–7 nm ion concentration 
(Fig. 2). We calculated half-hour median concen-
trations of ions from the measurement data and 
ignored all periods with precipitation, both in a 
form of snow and liquid. The half-hour median 
concentration seemed to be a good approxi-
mation for the 5-min resolution original data 
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(Fig. 2), so in the further analysis we used the 
30-min median values. In later analysis, we used 
the daily maximum concentration of intermedi-
ate ions to identify the NPF event burst. Accord-
ing to this study and earlier results (e.g. Laakso 
et al. 2007, Hirsikko et al. 2007, 2011), higher 
than typical concentrations of negative interme-
diate ions are detected in Hyytiälä. We therefore 
focused our analysis on negative ion concentra-
tions, even though also positive ion concentra-
tions could have been used in this method.
The ion data from Hyytiälä obtained with 
AIS covered 74% of the days between the years 
of 2003 and 2013. Intermediate-ion concentra-
tions in the size ranges of 2–4 nm and 2–7 nm 
(Fig. 3) varied roughly (5–95 percentiles) in 
the ranges 0.5–30 cm–3 and 1.5–60 cm–3, respec-
tively. The corresponding ranges for positive 
ions were 0.6–20 cm–3 and 1.6–50 cm–3. The 
most common intermediate-negative-ion con-
centration ranges were 1–10 cm–3 for 2–4 nm 
ions and 2–20 cm–3 for 2–7 nm ions (Fig. 3). 
The ion concentration distributions differed little 
between the daytime and all data (Fig. 3).
Monthly-mean concentrations of the inter-
mediate ions at our measurement site have been 
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Fig. 1. Total particle size distribution measured with DMPS (top) and negative air ion size distribution measured 
with NAIS ion mode (bottom) during a typical NPF event day (4 Apr. 2013) at the SMEAR II station in Hyytiälä.
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Fig. 2. Differences 
between 5-min-resolution 
original data points (red 
dots) and calculated half-
hour median concentra-
tions of negative interme-
diate ions in size range 
of 2–7 nm (blue line) on 4 
Apr. 2013 at the SMEAR II 
station, Hyytiälä.
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reported to be in the range < 1–25 cm–3 for both 
polarities, being somewhat higher for the nega-
tive than positive ions (Hirsikko et al. 2005). For 
comparison, the annual-average concentration 
of intermediate ions (1.5–7.5 nm in diameter) 
in Tartu, Estonia, was found to be about 40 cm−3 
with 5% of the measurements having concentra-
tions < 10 cm−3 (Tammet et al. 2014).
Identifying NPF events using intermediate 
ions
The intermediate-negative-ion concentration in 
both size ranges (2–4 nm and 2–7 nm) differed 
clearly among the NPF event, non-event and 
undefined days, as classified by the DMPS-
based event analysis (Figs. 4 and 5). This result 
indicates that the intermediate-ion concentration 
serves as a good proxy for the occurrence of 
NPF in all seasons. The background concentra-
tion of intermediate ions was typically below 
5 cm–3 when no NPF was taking place, or if a 
precipitation event occurred.
The comparison between DMPS-based and 
intermediate ion-based event analysis was per-
formed for daytime (06:00–18:00) intermediate-
ion concentrations. On 23% of the DMPS-based 
event days, we did not detect elevated (at least 20 
ions in cm–3) intermediate-negative-ion concen-
trations in the size range of 2–4 nm during the 
daytime (Table 1). The corresponding fraction of 
days was about 8% for negative intermediate ions 
in the size range of 2–7 nm (Table 2). These find-
ings can be explained by the fact that the charging 
probability of ions in this size range is only about 
1%–3% (Wiedensohler 1988), and that neutral 
NPF was probably dominating on those days, 
which seems to be a common situation in Hyytiälä 
(Gagne et al. 2010). On 2%–16% of the DMPS-
based non-events days, the maximum concentra-
tion of 2–4 nm negative ions exceeded some of 
the chosen ion concentration thresholds (Table 1). 
The corresponding fraction of days was 4%–31% 
for negative intermediate ions in the size range of 
2–7 nm (Table 2). One explanation for this find-
ing is that newly formed clusters and intermediate 
ions do not always grow into the larger sizes, so 
that these days are not defined as NPF events in 
the DMPS-based event classification.
By requiring that the intermediate-ion con-
centration remains elevated (above the thresh-
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Fig. 3. Histograms of the variation of the half-hour median concentrations of (a) 2–4 nm negative ions (all data), (b) 
2–4 nm negative ions (daytime [06:00–18:00] data), (c) 2–7 nm negative ions (all data), and (d) 2–7 nm negative 
ions (daytime [06:00–18:00] data) at the SMEAR II station in 2003–2013.
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Fig. 4. Diurnal variations of the median 2–4 nm negative ion concentration during the NPF event, non-event and 
undefined days in different seasons in the years of 2003–2013. The thick black line indicates median concentra-
tions during event days, grey areas are 25%–75% percentiles, the dashed blue line indicates median concentra-
tions during non-event days, and the dashed red line indicates undefined days. The event day classification was 
determined by ordinary NPF event analysis based on DMPS size distributions.
Fig. 5. Same as Fig. 4 but for 2–7 nm negative ion concentrations.
old value) continuously for 1 hour or 2 hours, 
somewhat smaller fraction (49%–63% in case 
of 2–4 nm negative ions) of the event days clas-
sified by DMPS-based event classification was 
identified when using our new method. At the 
same time, however, a considerably smaller frac-
tion (2%–4% in case of 2–4 nm negative ions) of 
the DMPS-based non-event days became classi-
fied as potential NPF events.
According to the DMPS-based event clas-
sification, 77%, 12% and 11% of the days when 
the negative 2–4 nm ion concentration exceeded 
100 cm–3 during daytime were classified as NPF 
event, undefined and non-event days, respec-
tively (Table 3). Relatively similar results were 
obtained for the negative 2–7 nm ion concentra-
tion (Table 4). To eliminate miss-leading results 
concerning NPF events, we took into account 
cases of elevated concentrations persisting for 
at least 1 h or 2 h only. As a result, only 1.3% or 
0.6% of the days when negative ions were con-
tinuously over 100 cm–3 for at least 1 h or 2 h, 
respectively, had been classified as non-event 
days based on the DMPS data. This indicates 
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Table 1. Numbers and respective percentages (in parentheses) of event, undefined and non-event days in 2003–
2013, during which the concentration of 2–4 nm negative ions exceed a given concentration threshold: in the case 
‘0 h’, it is enough that the maximum ion concentration exceeds the concentration threshold, whereas in the cases ‘1 
h’ and ‘2 h’, the ion concentrations need to remain above the threshold value for at least 1 and 2 hours, respectively. 
Only daytime (06:00–18:00) data were taken into account. Total numbers (100%) of DMPS-based event, undefined 
and non-event days used to calculate percentages are given in in the first column in parentheses.
 Concentration 0 h 1 h 2 h
 threshold (cm–3)
Event days (702) 100 122 (17.4) 044 (6.3) 013 (1.9)
 50 334 (47.6) 192 (27.4) 125 (17.8)
 40 394 (56.1) 252 (35.9) 166 (23.6)
 30 468 (66.7) 332 (47.3) 239 (34.0)
 20 544 (77.5) 439 (62.5) 341 (48.6)
Undefined days (1090) 100 019 (1.7) 004 (0.4) 001 (0.1)
 50 071 (6.5) 016 (1.5) 009 (0.8)
 40 108 (9.9) 026 (2.4) 014 (1.3)
 30 178 (16.3) 049 (4.5) 021 (1.9)
 20 303 (27.8) 107 (9.8) 046 (4.2)
Non-event days (976) 100 017 (1.7) 002 (0.2) 001 (0.1)
 50 042 (4.3) 007 (0.7) 004 (0.4)
 40 060 (6.1) 013 (1.3) 004 (0.4)
 30 088 (9.0) 024 (2.5) 008 (0.8)
 20 154 (15.8) 041 (4.2) 022 (2.3)
Table 2. Numbers and respective percentages (in parentheses) of event, undefined and non-event days in 2003–
2013, during which the concentration of 2–7 nm negative ions exceed a given concentration threshold: in the case 
‘0 h’, it is enough that the maximum ion concentration exceeds the concentration threshold, whereas in the cases ‘1 
h’ and ‘2 h’, the ion concentrations need to remain above the threshold value for at least 1 and 2 hours, respectively. 
Only daytime (06:00–18:00) data were taken into account. Total numbers (100%) of DMPS-based event, undefined 
and non-event days used to calculate percentages are given in the first column in parentheses.
 Concentration (cm–3) 0 h 1 h 2 h
 threshold (cm–3)
Event days (702) 100 309 (44.0) 174 (24.8) 117 (16.7)
 80 381 (54.3) 246 (35.0) 155 (22.1)
 70 404 (57.5) 286 (40.7) 189 (26.9)
 60 437 (62.3) 327 (46.6) 221 (31.5)
 50 475 (67.7) 360 (51.3) 273 (38.9)
 30 591 (84.2) 469 (66.8) 380 (54.1)
 20 648 (92.3) 572 (81.5) 501 (71.4)
Undefined days (1090) 100 075 (6.9) 015 (1.4) 005 (0.5)
 80 101 (9.3) 023 (2.1) 011 (1.0)
 70 119 (10.9) 030 (2.8) 015 (1.4)
 60 150 (13.8) 042 (3.9) 019 (1.7)
 50 192 (17.6) 051 (4.7) 023 (2.1)
 30 358 (32.8) 130 (11.9) 055 (5.0)
 20 556 (51.0) 275 (25.2) 148 (13.6)
Non-event days (976) 100 043 (4.4) 008 (0.8) 002 (0.2)
 80 052 (5.3) 012 (1.2) 004 (0.4)
 70 060 (6.1) 017 (1.7) 005 (0.5)
 60 072 (7.4) 022 (2.3) 008 (0.8)
 50 093 (9.5) 028 (2.9) 012 (1.2)
 30 185 (19.0) 054 (5.5) 027 (2.8)
 20 302 (30.9) 106 (10.9) 068 (7.0)
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Table 3. Numbers of days when 2–4 nm negative ions exceeded a given concentration threshold, and the distribu-
tion of these days among the DMPS-based event, undefined and non-event days in 2003–2013. In the case ‘0 h’, it 
is enough that the maximum ion concentration exceeds the concentration threshold, whereas in the cases ‘1 h’ and 
‘2 h’, the ion concentrations need to remain above the threshold value for at least 1 and 2 hours, respectively. The 
value in parentheses is the percentage of the days of the total number of days on which the corresponding concen-
tration threshold was exceeded. Only daytime (06:00–18:00) ion data were taken into account.
 Concentration Total number of 0 h 1 h 2 h
 threshold (cm–3) ion-method-based
  event days
Event days 100 158 122 (77.2) 044 (27.8) 013 (8.2)
 050 447 334 (74.7) 192 (43.0) 125 (28.0)
 040 562 394 (70.1) 252 (44.8) 166 (29.5)
 030 734 468 (63.8) 332 (45.2) 239 (32.6)
 020 1001 544 (54.3) 439 (43.9) 341 (34.1)
Undefined days 100 158 019 (12.0) 004 (2.5) 001 (0.6)
 050 447 071 (15.9) 016 (3.6) 009 (2.0)
 040 562 108 (19.2) 026 (4.6) 014 (2.5)
 030 734 178 (24.3) 049 (6.7) 021 (2.9)
 020 1001 303 (30.3) 107 (10.7) 046 (4.6)
Non-event days 100 158 017 (10.8) 002 (1.3) 001 (0.6)
 050 447 042 (9.4) 007 (1.6) 004 (0.9)
 040 562 060 (10.7) 013 (2.3) 004 (0.7)
 030 734 088 (12.0) 024 (3.3) 008 (1.1)
 020 1001 154 (15.4) 041 (4.1) 022 (2.2)
Table 4. Numbers of days when 2–7 nm negative ions exceeded a given concentration threshold, and the distribu-
tion of these days among the DMPS-based event, undefined and non-event days in 2003–2013. In the case ‘0 h’, it 
is enough that the maximum ion concentration exceeds the concentration threshold, whereas in the cases ‘1 h’ and 
‘2 h’, the ion concentrations need to remain above the threshold value for at least 1 and 2 hours, respectively. The 
value in parentheses is the percentage of the days of the total number of days on which the corresponding concen-
tration threshold was exceeded. Only daytime (06:00–18:00) ion data were taken into account.
 Concentration Total number of 0 h 1 h 2 h
 threshold (cm–3) ion-method-based
  event days
Event days 100 427 309 (72.4) 174 (40.7) 117 (27.4)
 080 534 381 (71.3) 246 (46.1) 155 (29.0)
 070 583 404 (69.3) 286 (49.1) 189 (32.4)
 060 659 437 (66.3) 327 (49.6) 221 (33.5)
 050 760 475 (62.5) 360 (47.4) 273 (35.9)
 030 1134 591 (52.1) 469 (41.4) 380 (33.5)
 020 1506 648 (43.0) 572 (38.0) 501 (33.3)
Undefined days 100 427 075 (17.6) 015 (3.5) 005 (1.2)
 080 534 101 (18.9) 023 (4.3) 011 (2.1)
 070 583 119 (20.4) 030 (5.1) 015 (2.3)
 060 659 150 (22.8) 042 (6.4) 019 (2.9)
 050 760 192 (25.3) 051 (6.7) 023 (3.0)
 030 1134 358 (31.6) 130 (11.5) 055 (4.9)
 020 1506 556 (36.9) 275 (18.3) 148 (9.8)
Non-event days 100 427 043 (10.1) 008 (1.9) 002 (0.5)
 080 534 052 (9.7) 012 (2.2) 004 (0.8)
 070 583 060 (10.3) 017 (2.9) 005 (0.9)
 060 659 072 (10.9) 022 (3.3) 008 (1.2)
 050 760 093 (12.2) 028 (3.7) 012 (1.6)
 030 1134 185 (16.3) 054 (4.8) 027 (2.4)
 020 1506 302 (20.1) 106 (7.0) 068 (4.5)
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that in Hyytiälä the increases in the intermediate-
ion concentration are rapid as compared with the 
typical NPF duration of several hours.
We also studied the seasonal variation of the 
NPF events as classified with the DMPS-based 
method and using elevated intermediate-ion con-
centrations for the negative polarity (Fig. 6). 
More specifically, we searched for the most 
appropriate ion concentration threshold for iden-
tifying the NPF events, and for separating the 
events from non-events based on the classifi-
cation made using the DMPS data. In case of 
the 2–4 nm negative ions, the best agreement 
between the DMPS-based and intermediate-
ion-based event classification was obtained at 
the maximum ion concentration threshold of 
30–40 cm–3. The corresponding threshold for 
2–7 nm negative ions was 50–60 cm–3.
We got further support for our results when 
looking at the relation between the total parti-
cle number concentration in the size range of 
3–25 nm measured with DMPS and negative 
ion concentration in the size range of 2–7 nm 
during NPF event and non-event days at our 
measurement site (Fig. 7). More specifically, 
when the ion concentration was higher than a 
selected threshold concentration, the number of 
NPF event-day data points exceeded that of the 
non-event day data points. The fraction of ion 
concentrations exceeding the limit of 50 cm–3 or 
higher was very low during the non-event days.
Conclusions
Typically, concentrations in the atmosphere of 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0
10
20
30
M
ea
n 
nu
m
be
r o
f e
ve
nt
s
 
 
DMPS events
Ion conc. > 20 cm–3
Ion conc. > 30 cm–3
Ion conc. > 50 cm–3
Ion conc. > 60 cm–3
Ion conc. > 70 cm–3
Ion conc. > 80 cm–3
Ion conc. > 100 cm–3
0
10
20
30
b
a
Fig. 6. Seasonal variation in mean number of differently-defined NPF events. Ion events are determined by using 
limit concentrations of (a) 2–4 nm negative ions and (b) 2–7 nm negative ions, and particle events are determined 
with DMPS event analysis.
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intermediate ions and neutral particles in the size 
range of 2–4 nm are very low, with high concen-
trations observed only during NPF or precipita-
tion events. Therefore, after removing periods 
with precipitation from the data, we should be 
able to identify new NPF events based on half-
hour median concentration of intermediate ions.
According to our results, intermediate ions 
can be used as an indicator for atmospheric NPF, 
and we were able to achieve about 80% accuracy 
as compared with that of traditional event analy-
sis based on DMPS data. As the traditional anal-
ysis is somewhat subjective and the present anal-
ysis is not, the new method can be effectively 
automatized. There are also theoretical reasons 
why the agreement between the two methods is 
not expected to reach 100%. First, if a neutral 
NPF pathway is dominating, the number concen-
tration of intermediate ions may be very small; 
and second, there were cases when intermediate 
ions were abundant but the newly-formed parti-
cles would not grow into large enough sizes to 
be characterized as NPF events in the traditional 
event analysis.
The fact that the seasonal variation of NPF 
observed at the SMEAR II station (Dal Maso 
et al. 2005) could also be found when using the 
new method, supports its usefulness. Besides 
DMPS (particle number size distribution), and 
NAIS and BSMA (ion number size distributions) 
have been used in traditional NPF event analyses 
(Asmi et al. 2009). As compared with those with 
the positive polarity, higher concentrations of 
intermediate ions with the negative polarity were 
detected at SMEAR II (Laakso et al. 2007, Hir-
sikko et al. 2007, Hirsikko et al. 2011); therefore 
here we focused on the negative polarity. Since 
our new method was found to be a good way to 
detect NPF events, it could also be used at other 
locations. However, the statistics on intermedi-
ate-ion concentration should be analysed first to 
find out the proper ion concentration threshold 
for the NPF analysis. The particular benefit is the 
sensitivity in the 2–4 nm size range, where con-
centrations are typically very small when NPF 
is not occurring. Therefore, this new method is 
complements the traditional DMPS-based event 
analysis.
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